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Li-rich  Mn-based  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Co0.oo5(i-x)]02  and  none-doped 
Li[LixMn0.65(i-x)Nio.35(i-x)]02  cathode  materials  were  prepared  by  a  conventional  solid-state  reac¬ 
tion.  The  initial  charge  and  discharge  test  were  carried  out  in  the  voltage  ranges  of  2. 0-4.8  V  and 
2.0-4.6V,  then  change  to  3. 0-4.3  V  for  cyclic  test.  XRD  revealed  that  all  the  materials  prepared  show 
a  (003)  peak  at  20  =  18.5°  as  a  main  peak  and  clearly  present  a  pure  hexagonal  structure.  SEM  char¬ 
acterization  proved  that  the  as  prepared  materials  are  constituted  of  small  and  homogenous  particles. 
The  Co-doped  Li[Li0.o909Mn0.588Nio.3i66Co0.oo45]02  sample  expresses  highest  initial  efficiency  of  78.8% 
and  highest  energy  density  of  858.4  mWhg-1,  while  the  none-doped  Li[Lio.2308Mn0.5Ni0.2692]02  sample 
behaves  lowest  of  56.5%  and  590.1  mWhg-1.  Furthermore,  discharge  capacity  keeps  on  going  up  at  the 
initial  stage  of  cyclic  process,  which  can  reach  the  highest  discharge  capacity  approximately  in  the  fifth 
cycle.  Almost  no  capacity  loss  is  observed  after  30  cycles. 
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1.  Introduction 

Recently,  more  and  more  interests  have  been  focused  on 
the  complicated  compositional  cathode  materials  for  lithium-ion 
batteries.  The  layered  structure  LiM02  (M  =  Co,  Nio.sCoo.95Alo.05, 
Nio.33Mno.33Coo.33,  Ni0.5Mn0.3Co0.2,  etc.)  materials  have  been 
widely  used  commercially  for  their  high  capacity,  good  thermal  sta¬ 
bility  and  excellent  charge-discharge  properties.  Moreover,  a  series 
of  lithium-rich  Mn-based  materials  of  xLi2Mn03(l -x)LiM02, 
where  LiM02  has  layered  structure,  M  stands  for  Co,  Ni,  Ni0.5Mn0.5, 
or  other  transitional  elements,  have  been  extensively  studied  for 
their  high  capacity  and  good  structure  stability  at  high  charged  state 
[  1  -1 6].  It  is  also  found  that  the  valence  state  of  Mn  is  +4  when  the 
materials  combined  in  the  layered  compounds,  which  is  the  key 
factor  for  the  structure  stability  and  electrochemical  performance 
improvement  of  these  composite  compounds. 

However,  the  problem  of  high  charge  voltage  plateau  and 
low  efficiency  in  the  initial  cycle  of  Li2Mn03  or  Li2Mn03-based 
materials  obstruct  their  application  greatly.  The  mechanism  of 
the  high  charge  voltage  plateau  of  4.5  V  is  not  well-defined  up 
to  now.  Johnson  et  al.  reported  that  acid  treatment  can  greatly 
lower  the  first-cycle  inefficiency  of  the  Li/Li2Mn03  cells,  they  con¬ 
sidered  a  single  phase  formulated  in  two-component  notation 
as  (1  -x)Li2_5H5  (x)Mn02  in  which  the  oxygen  array  is  common 
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to  both  component;  the  manganese  ions  and  some  residual 
lithium  ions  remain  in  the  octahedral  sites  of  their  original  layer 
[1].  Yu  et  al.  investigated  phenomenon  of  increasing  capacity 
of  0.65Li2MnO3  0.35  Li(Ni1/3Co1/3Mn1/3)02,  the  peak  above  4.5  V 
appears  in  the  first  cycle  and  then  decreasing  gradually  [11]. 
Lim  et  al.  reported  that  xLi2Mn03-yLi[Ni1/3Co1/3Mn1/3]02-zLiNi02 
(0.48  <x  <0.60,  0.32  <y  <  0.40,  0  <z<  0.20)  samples  have  two  dis¬ 
tinguished  voltage  regions,  of  which  the  first  voltage  region  below 
4.45  V  originated  from  the  oxidation  of  transitional  metal  ions 
to  tetravalent  ion,  the  voltage  plateau  region  locating  in  4.45  V 
is  mainly  due  to  the  electrochemical  removal  of  Li20  associated 
with  irreversible  loss  of  oxygen  from  the  lattice  [12].  Kang  and 
Thackeray  also  considered  that  during  the  initial  charge,  oxy¬ 
gen  loss  occurs  above  4.6  V  accompanying  with  extraction  of 
lithium  from  xLi2Mn03  (l  -x)LiM02  electrodes  [15].  They  viewed 
that  Li-Ni-P04-coated  treatment  enhances  the  rate  capability, 
but  cannot  lower  the  first-cycle  charging  plateau.  Neverthe¬ 
less,  litter  investigation  focused  on  microelement  doping  and  Li 
excess  amount  for  Lithium  rich  Mn-Ni  materials,  especially  for 
Mn:Ni  =  0.65:0.35  system  [17]. 

In  this  paper,  Li-rich  Mn-based  Co-doped 
Li[LixMn0  65*o  995(1_x)Ni0  35*0  995(1_x)Co0005(1_x)]O2  and  none- 
doped  Li[LixMn0.65(i-x)Ni0.35(i_x)]O2  cathode  materials  were 
prepared  to  analysis  effect  of  Co-doping  and  Li  excessive.  XRD, 
SEM  and  ICP  test  are  investigated  on  the  characteristics  of  the 
crystalline  phase  structure,  morphology  and  physical  composition. 
Electrochemical  properties  carried  out  in  different  voltage  ranges 
were  major  investigated. 
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Fig.  1.  XRD  patterns  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Coo.oo5(i-x)]02 
and  non-doped  Li[LixMno.65(i-x)Nio.35(i-x)]02  samples  (A-C  referring  to  samples  of 
x  =  0.0909,  0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 

2.  Experiment 

Materials  were  prepared  by  a  conventional  solid-state  reaction 
using  lithium  carbonate  and  the  metal  hydroxide  with  Mn:Ni  of 
0.65:0.35  in  mol  ratio.  In  the  meanwhile,  0.5  mol%  (Co/[Mn,  Ni  and 


Co  in  all])  ultrafine  Co304  powder  was  also  added  separately.  To 
compare  the  effect  of  Co-doping,  blank  experiment  were  also  car¬ 
ried  out  at  completely  the  same  synthesis  condition.  The  pure  phase 
can  be  prepared  when  Li  excess  value  x  keeps  between  0.0909  and 
0.2308  in  our  initial  research  works.  Therefore,  Li  excess  value  x 
selected  was  0.0909,  0.1667,  and  0.2308,  referring  to  code  A-l, 
A-2,  B-l,  B-2,  and  C-l,  C-2  for  Co-doped  and  none-doped  sample 
correspondingly.  The  materials  were  synthesized  from  lithium  car¬ 
bonate,  the  metal  hydroxide,  and  ultrafine  Co304  powder  taken  in 
stoichiometric  quantities  as  the  following  procedure.  (1)  All  ingre¬ 
dients  were  mixed  for  3h  by  ball-milling.  (2)  The  mixture  was 
calcinated  at  900  °C  in  air  for  20  h,  and  then  cooled  naturally.  To 
find  an  optimized  ratio,  the  samples  were  compared  with  a  fixed 
calcination  condition. 

Powder  X-ray  diffraction  (XRD,  Rint-1000,  Rigaku,  Japan)  using 
Cu  Ka  radiation  was  employed  to  identify  the  crystalline  phase  of 
the  synthesized  materials.  XRD  data  were  obtained  (20  =  10-85°) 
with  a  step  size  of  0.02°.  The  particle  size  and  morphology  were 
measured  by  scanning  electron  microscopy  (SEM,  JSM6380LV)  with 
an  accelerating  voltage  of  20  kV.  The  composition  in  terms  of  tran¬ 
sition  metal  contents  in  the  materials  were  determined  by  the 
inductively  coupled  plasma  (ICP,  Thermo  Electron  Corporation). 

The  electrochemical  characterizations  were  performed  using 
CR2430  coin  cells.  For  positive  electrode  fabrication,  the  prepared 


Fig.  2.  Scanning  electron  microcopy  (SEM)  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Coo.oo5(i-x)]02  and  non-doped  Li[LixMn0.65(i-x)Ni0.35(i-x)]O2  samples  (A-C  referring 
to  samples  ofx  =  0.0909,  0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 
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materials  were  mixed  with  5%  of  carbon  black  and  5%  of  polyvinyli- 
dene  fluoride  (PVDF)  in  N-methyl  pyrrolidinone  (NMP)  solvent 
until  slurry  was  obtained.  And  then,  the  blended  slurries  were 
pasted  onto  an  aluminum  current  collector,  and  the  electrode  was 
dried  at  120°C  for  12  h  in  the  air,  then  electrode  pieces  were  cut 
to  16  mm  in  diameter.  The  test  cell  consisted  of  the  positive  elec¬ 
trode  and  lithium  foil  negative  electrode  separated  by  a  porous 
polypropylene  film,  and  a  mol  L-1  LiPFg  in  EC,  EMC  and  DMC(1 :1 :1 
in  volume)  as  the  electrolyte.  The  assembly  of  the  cells  was  carried 
out  in  a  dry  Ar-filled  gloved  box.  The  test  was  carried  out  using 
an  automatic  galvanostatic  charge-discharge  unit  NEWWARE  bat¬ 
tery  cycler,  at  a  current  density  of  20  mA  g_1  versus  Li/Li+  electrode 
at  room  temperature.  Different  charge-discharge  voltage  ranges 
were  also  investigated,  one  is  between  2.0  and  4.8  V  for  cyclic  test; 
another  is  between  2.0  and  4.6  V  during  the  first  cycle,  then  change 
to  3.0-4.3  V  for  cyclic  test. 


3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  synthesized  materials.  All 
the  diffraction  peaks  can  be  indexed  as  a  layered  oxide  structure 
based  on  a  hexagonal  a-NaFe02  structure.  The  small  diffraction 
peaks  between  20°  and  23°  are  characteristic  peaks  of  Li2Mn03  or 
Li2Mn03-based  materials.  Some  attributed  those  peaks  to  superlat¬ 
tice  ordering  of  Li  and  Mn  in  the  transition-metal  layers  [6,18,19]. 
The  authenticity  of  “super  lattice”  and  the  transition  metallic  atom 
(Mn,  Ni,  Co,  Ni0.5Mn0.5,  etc.)  exists  in  which  way,  are  not  confirmed 
yet  up  to  now.  Although  all  observed  XRD  peaks  in  each  sample  can 
be  indexed  only  by  monoclinic  unit  cell  of  Li2Mn03  (C2/m),  some  of 
main  XRD  peaks  can  overlap  the  peak  of  position  from  the  unit  cell 
of  cubic  rock-salt  structure  (Fm3m).  No  other  crystalline  impurity 
was  detected,  and  Co-doping  did  not  change  the  crystal  struc¬ 
ture  either.  Therefore,  the  materials  prepared  exhibit  a  pure  phase, 
which  can  be  simply  represented  as  Li[LixMn065(1_x)Ni035(1_x)]O2 
or  composite  solid  solution  xLi2Mn03(l  -x)LiNi0.5Mn0.5O2. 

The  materials  show  a  (0  03)  peak  at  20  =  18.5°  as  a  main 
peak,  and  (1  04),  (1  0 1 ),  (0 1  5),  (1  0 7),  (0 1  8),  (1  1  0),  (1  1  3)  planes 
observed  at  20  =  45°,  37°,  48.5°,  58.5°,  64.5°,  65.5°,  68.5°  peaks 
respectively,  which  also  clearly  present  the  characteristic  XRD 
peaks  of  the  hexagonal  structure.  It  can  be  found  that  split  of  (0 1  8) 
and  (110)  peaks  are  all  obviously,  implying  well  crystalline. 

The  SEM  pictures  of  materials  prepared  were  shown  in 
Fig.  2.  All  the  samples  show  analogy  morphology  with  a 
quasi-spherical  shape  and  5-10  p,m  particle  size  approximately, 
which  are  comprised  of  agglomerates  of  much  smaller  pri¬ 
mary  particles.  However,  with  the  increasing  of  Li  excess  value 
x,  the  primary  particle  tends  to  grow  up  slightly.  At  the 
meantime,  Co-doping  makes  the  particle  size  grows  more  homo¬ 
geneously.  With  which  Li[Lio.2308Mno.4975Nio.2679C°o.oo38]02  and 
Li[Lio.2308Mn0.5Ni0.2692]02  sample  distinctly  behaves. 

The  ICP  analysis  indicated  the  molar  ratio  of  transition  metal 
ions  to  be  0.648:0.347:0.005  for  Co-doped  samples  and  0.649:0.351 
for  none-doped  samples.  It  is  in  good  agreement  with  the  composi¬ 
tion  of  starting  reactants.  In  the  meantime,  samples  selected  from 
different  locations  randomly  for  the  same  lot  material  were  also 
been  tested.  The  results  keep  according  with  the  others,  revealed 
that  both  Mn/Ni  main  element  and  Co  doing  element  are  all  dis¬ 
tribute  homogeneously  to  some  extent. 

Electrochemical  performances  were  investigated  in  two  differ¬ 
ent  voltage  ranges,  one  is  2.0-4.8V  for  high  voltage,  another  is 
2.0-4.6  V  in  the  initial  cycle  for  activation,  then  cycled  in  3.0-4.3  V 
for  applied  research.  The  obtained  electrochemical  values  are  pre¬ 
sented  in  Tables  1  and  2  correspondingly. 

As  other  essays  described,  initial  charge-discharge  curves  of 
xLi2Mn03  (l  -x)LiM02  materials  are  divided  into  four  regions 


Fig.  3.  Electrochemical  charge/discharge  profiles  of  Co-doped 
Li[LixMno.65*o.995(i-x)Nio.35*o.995(i-x)Co0.oo5(i-x)]02  samples  (20mAhg_1,  2.0-4.8V) 
(A-l,  B-l,  C-l  referring  to  x  =  0.0909,  0.1667,  0.2308). 

(regions  1-4)  as  follows  [12,15,20]:  Li  extraction  by  oxidation  of 
M  ion  LiM02  component  (<4.4V,  region  1),  L^O  extraction  by 
oxidation  of  oxide  ion  in  Li2  Mn03  component  (>4.4  V,  region  2,  irre¬ 
versible),  Li  insertion  by  reduction  of  M  ion  (>3.5V,  region  3)  and 
Li  insertion  by  reduction  of  Mn4+  ion  (<3.5  V,  region  4). 

The  electrochemical  performance  of  voltage  range  between  2.0 
and  4.8  V  were  shown  in  Table  1,  Figs.  3  and  4.  It  is  observed 
that  discharge  capacity  and  initial  efficiency  (Qid/Qic)  can  be 
improved  in  certain  degree  through  Co-doping  and  decreas¬ 
ing  of  Li  excessive.  In  the  meanwhile,  the  second  efficiency 
(Chd/Chc)  can  also  be  improved  greatly  through  Co-doping,  which 
all  keep  the  same  lever  of  around  0.98.  For  none-doped  sam¬ 
ples,  Li[Lio.o909Mno.5909Nio.3i82]02  (A-2,x  =  0.0909)  presents  higher 
second  efficiency  than  that  of  Li[Li0.i667Mn0.54i7Nio.29i7]02  (B-2, 
x  =  0.1 667)  and  Li[Lio.2308Mno.5Nio.2692]°2  (C-2,x  =  0.2308),  and  the 
later  two  samples  keep  the  same  lever  of  around  0.80.  However, 
compared  to  LiCo02,  LiNi1/3Mn1/3Co1/3,  LiNi0.5Mn0.5O2  and  other 
layered  LiM02  materials,  the  as  prepared  materials  exhibit  rela¬ 
tive  lower  initial  efficiency.  The  high  voltage  plateau  of  4.5  V  also 
exists  during  the  initial  charge  and  then  disappears  from  2nd  cycle, 
which  can  be  explained  by  irreversible  Li20  extraction  of  region  2 
as  above  text  mentioned.  The  Li[Li0.o909Mno.5ssNio.3i66Co0.oo45]02 
sample  (A-l,  x  =  0.0909,  Co-doped)  expresses  highest  initial  effi¬ 
ciency  of  78.8%  and  highest  energy  density  of  858.4  mWhg-1, 
while  the  Li[Lio.2308Mn0.5Nio.2692 ]02  sample  (C-2,  x  =  0.2308,  none- 
doped)  behaves  lowest  of  56.5%  and  590.1  mWhg-1.  Tabuchi  et  al. 
investigated  on  Li1+x(FeyMn1_y)1_x02  materials,  from  which  much 
higher  density  of  761-971  mWhg-1  can  be  achieved,  but  poorer  in 
initial  efficiency  and  cycle  ability  [5]. 

For  Li2Mn03  or  Li2Mn03-based  materials,  the  initial  dis¬ 
charge  capacity  is  greatly  influenced  by  efficiency  in  general. 
The  Li[Lio.i667Mno.5389Nio.2902Coo.oo42]02  sample  (B-l,  x  =  0. 1667, 


190 


Z.  Tangetal./  Journal  of  Power  Sources  204  (2012)  187-192 


Table  1 

Electrochemical  characteristics  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Coo.oo5(i-x)]02  and  non-doped  Li[LixMn0.65(i-x)Nio.35(i-x)]02  samples  (A,  B,  C  referring  to  samples 
ofx  =  0.0909,  0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 


Sample 

Old  (mAh  g”1 ) 

Qid/Qic 

Vave  (V) 

Vave  -  Old  (mWhg-1) 

Q2d  (mAhg-1) 

CLd/Chc 

Qaod  (mAh g-1 ) 

CLod/Qld 

A-l 

225.9 

0.788 

3.80 

858.4 

229.5 

0.974 

226.0 

1.000 

A-2 

217.2 

0.744 

3.77 

818.4 

226.0 

0.862 

223.2 

1.028 

B-l 

230.5 

0.714 

3.71 

855.2 

240.1 

0.987 

234.9 

1.019 

B-2 

199.3 

0.673 

3.73 

743.8 

217.1 

0.799 

224.1 

1.124 

C-l 

223.7 

0.668 

3.67 

821.0 

231.6 

0.987 

230.9 

1.032 

C-2 

155.7 

0.565 

3.79 

590.1 

173.1 

0.804 

229.8 

1.476 

Table  2 

Electrochemical  characteristics  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Coo.oo5(i-x)]02  and  non-doped  Li[LixMn0.65(i-x)Ni0.35(i-x)]O2  samples  (20  mAh  g”1,  1st  cycle: 
2.0-4.6V,  from  2nd  cycle:  3.0-4.3  V)  (A,  B,  C  referring  to  samples  of  x  =  0.0909,  0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 


Sample 

Qid  (mAh  g”1 ) 

Qid/Qic 

Q2d  (mAh  g”1 ) 

Q2d/Q2c 

Vave  (V) 

Vave  Qid  (mWhg-1) 

Q3ld  (mAh  g"1 ) 

Qlld/Qzd 

A-l 

200.0 

0.783 

150.2 

0.920 

3.83 

575.3 

152.4 

1.015 

A-2 

190.7 

0.740 

147.9 

0.841 

3.81 

563.8 

147.6 

0.998 

B-l 

168.8 

0.669 

130.0 

0.917 

3.82 

496.6 

140.1 

1.078 

B-2 

150.0 

0.645 

115.2 

0.767 

3.82 

440.1 

120.4 

1.045 

C-l 

186.9 

0.650 

143.8 

0.926 

3.77 

542.1 

145.1 

1.009 

C-2 

100.4 

0.578 

74.3 

0.760 

3.86 

287.0 

87.1 

1.172 

Co-doped)  shows  the  highest  discharge  capacity,  230.5  mAh  g-1, 
while  the  other  two  Co-doped  samples  vary  in  225.9  and 
223.7  mAh  g_1  respectively.  On  the  other  hand,  Li  excess  value 
x  between  0.0909  and  0.1667  of  none-doped  samples  present 
the  discharge  capacity  of  217.2,  199.3,  155.7  mAh  g_1,  decreasing 
with  the  increase  of  Li  content.  It  is  supposed  that  with  the 
increasing  of  Li  excess,  the  proportion  of  Li2Mn03  in  solid  solution 
xLi2Mn03(l  -x)LiM02  also  increases,  thus  conduction  of  lithium 
ion,  initial  efficiency  and  initial  discharge  capacity  are  affected 


Fig.  4.  Electrochemical  charge/discharge  profiles  of  non-doped 
Li[LixMn0.65(i-x)Nio.35(i-x)]02  samples  (20mAhg_1,  2.0-4.8V)  (A-2,  B-2,  C-2 
referring  to  x  =  0.0909,  0.1 667,  0.2308). 


altogether.  The  trend  is  also  in  accordance  with  the  variation  of 
charge-discharge  voltage  plateau,  which  can  further  confirm  the 
proportion  change  in  solid  solution.  The  voltage  plateau  variation 
trend  of  Co-doped  samples  is  similar  to  that  of  none-doped.  With 
the  increasing  of  Li2Mn03  proportion,  Li  insertion  by  reduction  of 
Mn4+  ion  (<3.5  V,  region  4)  increases  and  Li  insertion  by  reduction 
of  M  ion  (>3.5  V,  region  3)  decreases  correspondingly,  resulted  in 
descending  of  voltage  plateau.  Therefore,  distinct  voltage  plateau 
variation  from  3.6  V  to  3.8  V  for  different  samples  is  observed.  Fur¬ 
thermore,  Li  ion  diffusion  is  enhanced  in  certain  degree  after 


Capacity(mAhg 


Fig.  5.  Electrochemical  charge/discharge  profiles  of  Co-doped 
Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Co0.oo5(i-x)]02  samples  (20  mAh g-1,  1st  cycle: 
2.0-4.6  V,  2nd  cycle:  3.0-4.3  V)  (A-l ,  B-l ,  C-l  referring  to  x  =  0.0909, 0.1 667, 0.2308). 
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Co-doping,  while  Li[Lio.2308Mno.5Nio.2692]C>2  sample  (C-2, 
x  =  0.2308,  none-doped)  displays  lowest  capacity  in  both  region 
3  and  region  4  thus  steep  drop  below  3.6  V  in  charge-discharge 
curves  also  occurred.  For  different  none-doped  samples,  discharge 
capacity  varies  greatly  from  Li  excess  value  of  0.0909  to  0.2308, 
whereas  Co-doped  samples  keep  the  same  higher  lever. 

Table  2,  Figs.  5  and  6  present  the  electrochemical  perfor¬ 
mance  of  following  voltage  range:  1st  cycle:  2.0-4.6V,  from  2nd 
for  cyclic  test:  3.0-4.3V.  The  Li[Lio.o909Mno.588Nio.3i66C°o.oo45]02 
sample  expresses  highest  initial  efficiency  of  78.3%,  while  the 
Li[Lio.2308Mno.5Nio.2692]02  sample  behaves  lowest  of  57.8%.  The 
discharge  capacity  varies  from  200.0  to  100.4  mAh  g-1  (Q.ld)  in  ini¬ 
tial  charge-discharge  of  2.0-4.6  V,  and  from  150.2  to  74.3  mAhg-1 
(Q2d)  the  second  cycle  of  3.0-4.3V.  The  variation  trend  of 
initial  efficiency  (Qid/Qic).  the  second  efficiency  (Q2d/Q2cX  dis¬ 
charge  capacity,  voltage  plateau,  etc.,  are  in  accordance  with 
charge-discharge  between  2.0  and  4.8  V.  However,  for  Co-doped 
samples,  it  can  be  found  that  the  discharge  capacity  in  initial 
2.0-4.6  V  vary  greatly  for  different  Li  excess  samples.  The  trend  is 
different  from  2.0  to  4.8  V,  the  discharge  of  which  almost  keeps  the 
same.  It  reveals  that  in  relative  lower  voltage,  the  extraction  and 
insertion  of  Li  ion  tends  to  more  easily  when  Li  excessive  keeps 
lower. 

The  cycle  ability  in  different  charge-discharge  voltage  ranges 
is  presented  in  Figs.  7  and  8.  At  the  initial  stage  of  cycle  pro¬ 
cess,  it  is  observed  that  capacity  keeps  on  going  up  significantly, 
especially  in  the  voltage  range  of  2.0-4.8V.  It  can  reach  to  the 
highest  discharge  capacity  approximately  in  the  fifth  cycle.  Fur¬ 
thermore,  almost  no  reduction  is  observed  after  30  times  cycle  in 
3.0-4.3V  range.  Compared  to  LiCo02,  Li(Ni1/3Mn1/3Co1/3)02  and 
other  cathode  materials,  the  as  prepared  materials  present  both 


Fig.  6.  Electrochemical  charge/discharge  profiles  of  non-doped 
Li[LixMn0.65(i-x)Nio.35(i-x)]02  samples  (20 mAhg-1,  1st  cycle:  2.0-4.6V,  2nd 
cycle:  3.0-4.3  V)  (A-2,  B-2,  C-2  referring  to  x  =  0.0909,  0.1 667,  0.2308). 
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Fig.  7.  Cycle  performance  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Co0.oo5(i-x)  1 
O2  and  non-doped  Li[LixMn0.65(i-x)Nio.35(i-x)  ]C>2  samples  (A,  B,  C  referring  to  samples 
of  x  =  0.0909,  0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 


a^Xa/v-a 

rtf  VVW*T*r 


A 


_  • 


7 


*  A  A  **  * 

'  v  v/  \ 


•  ••• 


/ 


^  A- 


■  'vt- 


Current  density:  20mAg  ’ 

Voltage:  2.0-4.8V 

A-1 

A-2 

—  B-1  — 

B-2 

— A—  C-1 

C-2 

Fig.  8.  Cycle  performance  of  Co-doped  Li[LixMn0.65*o.995(i-x)Nio.35*o.995(i-x)Co0.oo5(i-x)  1 
O2  and  non-doped  Li[LixMn0.65(i-x)Nio.35(i-x)]C)2  samples  (20 mAhg-1,  1st  cycle: 
2.0-4.6V,  from  2nd  cycle:  3.0-4.3V)  (A,  B,  C  referring  to  samples  of  x  =  0.0909, 
0.1667,  0.2308;  -1  and  -2  referring  to  Co-doped  and  none-doped). 


excellent  discharge  capacity  and  excellent  cycle  performance.  It 
can  be  explained  by  well  solid  solution  of  Li(Nio.5Mno.5)02  and 
Li2Mn03,  among  which  the  former  provides  high  capacity,  the  later 
ensures  structure  and  cycle  stability.  Yabubuchi  et  al.  viewed  that 
high  capacity  of  the  Li-rich  Mn-based  materials  after  the  first  charge 
to  high  voltage  is  constituted  of  redox  reaction  of  Mn3+/Mn4+  and 
oxygen  reduction  at  the  electrode  surface  [21  ].  In  the  voltage  range 
of  2.0-4.6V,  Li[Lio.o909Mno.588Nio.3i66C°o.oo45]02  sample  behaves 
highest  in  discharge  capacity  and  initial  efficiency.  However,  in 
the  2.0-4.8V,  despite  of  the  initial  discharge  capacity  is  greatly 
improved  through  Co-doping  process;  the  highest  capacity  and 
capacity  retention  almost  keep  in  the  same  lever  for  the  same  ratio 
Li/Me  samples.  The  Li[Li0.i667Mno.5389Nio.2902Co0.oo42]02  sample 
exhibit  the  relative  higher  discharge  capacity  of 252.0  mAh  g-1  dur¬ 
ing  cyclic  test. 

4.  Conclusions 

Li-rich  Mn-based  Co-doped  Li[LixMn0.65*o.995(i-x)Ni0.35*o.995(i-x) 
Coo.oo5(i-x)]02  and  none-doped  Li[LixMn0.65(i-x)Ni0.35(i-x)]O2 
cathode  materials  were  prepared  by  a  conventional  solid-state 
reaction.  Li  excess  value  x  of  0.0909,  0.1667  and  0.2308  were 
selected  and  pure  phase  can  be  obtained.  With  the  increasing 
of  Li  excessive,  the  primary  particle  tends  to  grow  up  slightly. 
Co-doping  makes  the  particle  size  grows  more  homogeneously.  ICP 
analysis  indicated  the  as  prepared  materials  are  in  good  agreement 
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with  the  composition  of  starting  reactants.  The  initial  efficiency 
(Qid/Qic)  and  the  second  efficiency  (Chd/Chc)  can  be  improved  in 
certain  degree  through  Co-doping  and  optimization  of  mole  ratio 
Li/Me.  The  Li[Li0.o909Mno.588Nio.3i66Coo.oo45]02  sample  expresses 
highest  initial  efficiency  of  78.8%  and  highest  energy  density 
of  858.4 mWhg-1,  while  the  Li[Lio.2308Mno.5Nio.2692]°2  sample 
behaves  lowest  of  56.5%  and  590.1  mWhg-1.  The  discharge  capac¬ 
ity  of  Co-doped  samples  behave  between  220  and  230  mAh  g-1 
in  2.0-4.8V,  while  none-doped  samples  present  217.2,  199.3, 
155.7  mAh  g-1  correspondingly.  Electrochemical  performances 
were  also  checked  up  in  different  voltage  ranges  for  applied 
research.  For  Co-doped  samples,  capacity  varies  greatly  when  test 
carried  out  in  initial  voltage  of  2.0-4.6  V.  Almost  no  capacity  loss 
is  observed  after  30  cycles.  The  as  prepared  materials  display  both 
high  discharge  capacity  and  excellent  cycle  performance. 
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